Zinc (Zn) deficiency is the most prevalent micronutrient disorder in rice and leads to delayed development and decreased yield. Several studies have investigated how rice plants respond to Zn deficiency and examined the differences between Zn-efficient (ZE) and Zn-inefficient (ZI) genotypes. ZE genotypes reallocate more Zn to roots and are better at maintaining crown root development than ZI genotypes in response to Zn deficiency. However, little is known about the molecular mechanisms controlling these differences. Moreover, the role of the crown, the part of the stem from which crown roots emerge, has yet to be examined. In this study we highlight the molecular mechanisms triggered by early Zn deficiency in crown tissue through RNA sequencing of two contrasting groups of several ZE and ZI genotypes. This method allowed us to (i) identify several novel and well-known Zn transporters involved in Zn retranslocation from the crown to the shoot and roots in response to Zn deficiency; (ii) determine that Zn deficiency triggers the conversion of soluble sugars into starch; and (iii) detect several candidate genes possibly conferring Zn efficiency, including a monosaccharide transporter, a Zn finger domain-containing protein, a gibberellin-stimulated family protein and a plasma membrane polypeptide family protein.
Introduction
Zinc (Zn) is an essential micronutrient for all living organisms, as it acts as a co-factor of many enzymes and proteins (reviewed by Broadley et al., 2007) . Rice (Oryza sativa) is the second most cultivated crop in the world and a staple food in many countries, especially in Asia, but also in Latin America, the Caribbean and West Africa (FAO, 2016; IDRC, 2016) . At the same time, Zn deficiency is the most extensive micronutrient disorder in rice (Yoshida and Tanaka, 1969; Sillanpää, 1990) . The most obvious symptoms of Zn deficiency in rice are leaf bronzing, decreased growth and delayed development, resulting in reduced yield or, in severe cases, plant death (Yoshida and Tanaka, 1969; Widodo et al., 2010) . Although Zn might be present in the soil, high soil pH and bicarbonate content, among others factors, often result in Zn forming insoluble complexes in the soil, making it inaccessible to plants (Alloway, 2008) . Zn deficiency can be alleviated by the addition of Zn fertilizers. However, this extra cost is often too great for resource-poor farmers. Therefore, much effort have been made to breed rice varieties that are more tolerant of Zn deficiency, i.e. Zn-efficient (ZE).
ZE varieties are capable of growing better on soils with little available Zn, compared with Zn-inefficient (ZI) varieties. This is made possible through more efficient Zn utilization, i.e. Zn use efficiency (Suzuki et al., 2008; Fageria and Moreira, 2015) , and/or higher Zn uptake by roots. The latter can be achieved by increasing root size and/or the exudation of phytosiderophores, such as deoxymugineic acid, or low-molecular-mass organic acids, such as malate and citrate (Zhang et al., 1991; Widodo et al., 2010; Duffner et al., 2012) . As previously mentioned, Zn deficiency leads to reduced plant biomass accumulation. Interestingly, a reduction in root biomass accumulation was found to be the first visible response to Zn deficiency, both when grown in the field and in nutrient solutions (Nanda and Wissuwa, 2016) . Moreover, ZE rice genotypes are capable of higher root biomass accumulation than ZI genotypes, by retranslocating a greater proportion of plant Zn to their root system. Finally, the higher maintenance of root biomass was directly correlated to crown root number, suggesting that the crown plays a key role in determining Zn efficiency, through the regulation of crown root development in response to Zn deficiency (Widodo et al., 2010; Mori et al., 2016; Nanda and Wissuwa, 2016) .
Despite the high incidence of Zn-deficient cultivated soils worldwide and the wide range of research investigating Zn efficiency in crops, the molecular mechanisms involved in Zn efficiency are still poorly understood. Moreover, many studies are undertaken using rice genotypes that are genetically very close, which often only yield information specific to one genetic background that might not be transferable to other backgrounds. In this study, we attempted to overcome this issue by taking a novel approach: the transcriptomes of several rice genotypes were compared based on their phenotype in response to Zn deficiency, ZE or ZI, rather than their genetic backgrounds. In the context of this study, genotypes capable of maintaining crown root development under Zn deficiency were considered ZE, while ZI genotypes exhibited a reduction in crown root development under the same conditions. By combining transcriptome data from individual genotypes presenting the same phenotype, we were able to determine phenotype-specific, rather than genotype-specific, transcriptomes. Furthermore, our efforts were focused on the crown root generating tissue, known as the crown, rather than the roots or shoot, as this tissue has received little attention, if any, in relation to Zn deficiency, despite its key role in regulating crown root development and subsequent Zn uptake. Here, we investigated transcriptome profiles of ZE and ZI crowns in response to early Zn deficiency, before plant biomass and developmental stage differed so much between Zn-deficient and -sufficient plants as to introduce bias. The objective of this study was to identify transcripts and biological pathways consistently involved in the early response to Zn deficiency in both efficiency groups, as well as those specific of the ZE group.
Material and methods

Plant materials
Experiments were conducted with three ZE and three ZI rice genotypes. Two indica breeding lines, RIL46 and IR55179-3B-11-3 (IR55179), and one japonica variety, Nipponbare, were used as ZE genotypes (Wissuwa et al., 2006; Impa et al., 2013; Nanda and Wissuwa, 2016) . Similarly, two indica varieties, IR74 and IR64, and one japonica variety, Kinandang Patong (KP), were chosen to represent ZI genotypes (Wissuwa et al., 2006; Impa et al., 2013) .
Plant growth
Plants were grown in a glasshouse with the temperature set at 30 °C during the day (12 h) and 25 °C at night (12 h) with additional neon lights between 15.00 and 19.00 h. Relative humidity remained between 10 and 50% throughout the experiment. Seeds were surface sterilized and germinated in seedling trays floating on 12 μM FeEDTA and 0.1 mM CaCl 2 solution for a week (480 seedlings per 22 l container), followed by a further week using half-strength nutrient solution, as previously described (Nanda and Wissuwa, 2016) . A modified Yoshida solution (Yoshida et al., 1972) (Nanda and Wissuwa, 2016) . Due to dissimilar germination and early seedling vigor among genotypes used, several seed batches were sown over a period of 3 d. Approximately 2 weeks after sowing, plants with the same number of roots (nine to ten roots for indica genotypes and seven to eight roots for the japonica genotypes) were selected for Zn treatments. The +Zn treatment consisted of Yoshida solution supplemented with 1.5 µM ZnSO 4 .7H 2 O (1.77 µM final Zn concentration in solution). The -Zn treatment consisted of Yoshida solution with no additional Zn (0.25 µM final Zn concentration in solution due to contamination). Both Zn treatment solutions also contained 1 mM potassium bicarbonate to raise the pH to 7.5-7.8, which is typical of paddy fields where Zn deficiency occurs, and 0.1% agar to increase viscosity and thereby reduce Zn movement to the root surface. Such agar nutrient solutions have been proposed by Wang et al. (2008) as a means to reduce availability to the plant of Zn contaminants. Plants were sampled before treatments and at 8 d of treatment (DOT), to determine growth characteristics (root length and number, shoot height and leaf number), Zn content and biomass. Crown tissue (i.e. the part of the stem from which crown roots emerge) from independent plants was harvested for transcriptome analysis. Deionized water was used for nutrient solutions during the pre-treatment phase. However, solutions for the treatments were prepared using ultrapure water (YamaSakae purified water, Japan). All reagents were purchased from Wako, Japan.
Biomass determination and Zn measurements
Individual plants were harvested at 0 and 8 DOT and separated into root, crown and shoot tissues. Tissues were dried in an oven at 70 °C for at least 3 d before weighing, digesting and determining Zn levels, as previously described (Nanda and Wissuwa, 2016) . Briefly, entire samples (~2-60 mg) were microwave-digested in a mix of nitric acid and hydrogen peroxide, and the Zn concentration of each diluted digest was determined by inductively coupled plasma atomic emission spectroscopy (ICPE-900, Shimadzu, Japan).
RNA sequencing
Crowns (the base of the stem from which crown roots emerge) were harvested in liquid nitrogen at 8 DOT. For each RNA sequencing sample, four crowns from four independent plants (from separate containers) of the same genotype exposed to the same treatment were pooled and ground using a mortar and pestle. Total RNA was extracted using the Qiagen RNeasy Plant Mini Kit, according to the manufacturer's instructions (Qiagen, Tokyo, Japan), including the optional on-column DNAse treatment. RNA integrity was checked by 2100 BioAnalyzer (Agilent). mRNA library preparation and sequencing were out-sourced to a service company (Novogene HK Co. Ltd, Hong Kong). The 12 libraries were sequenced on the HiSeq platform (Illumina) using 150-bases paired-end sequencing, generating between 13.7M and 17.6M paired-reads. Reads with more than 10% uncertain bases (N), or with more than 50% low quality bases (Qscore≤5), were removed. Quality check was performed using FastQC v0.11.5 (available at: http://www.bioinformatics.babraham. ac.uk/projects/fastqc/). A series of trimmings were performed (first 10 bases, low-quality bases from both ends (Qscore<20), low-quality regions from both ends (sliding window of 4 bases with Qscore<15)), using Trimmomatic v0.36 (Bolger et al., 2014) , and paired reads of less than 100 bases were removed (see Supplementary Table S1 at JXB online).
Alignment of RNA sequencing reads
Paired reads were aligned against the Nipponbare reference genome (IRGSP-1.0, assembly GCA_001433935.1) from the EnsemblPlants database (Kersey et al., 2016) , using Hisat2 v2.0.4 (Kim et al., 2015) . Only paired reads that aligned uniquely and concordantly were selected, resulting in an alignment rate of 79-86%. For each gene, the number of aligned fragments, i.e. paired-reads, at the gene feature level was counted using featureCounts from the Subread package v1.5.0-p3 (Liao et al., 2014) (see Supplementary Table S1 ). Alignments were visualized using IGV v2.3.72 (Robinson et al., 2011; Thorvaldsdóttir et al., 2013) .
Differential expression analysis
Differential expression analysis was performed on the raw fragment counts in R (RStudio Team, 2015; R Core Team, 2016) , using the DESeq2 package v1.12.3 (Love et al., 2014) . Only genes that were represented by at least 10 reads in each of the genotypes within at least one group (e.g. efficient in +Zn) were considered for differential expression analysis. Groups of Zn efficiency and treatment were compared with each other. Genes with a false discovery rate (FDR) ˂0.05 and an absolute log 2 fold change of at least 1 were considered differentially expressed. Hierarchical cluster analysis between samples was performed using the Euclidian distance of raw counts after 'regularized log' transformation from the DESeq2 R package. Heatmap was constructed using the Pheatmap package v 1.0.8. (Kolde, 2015) .
Function annotation and classification
Descriptions of differentially expressed genes (DEGs) were obtained from three databases: Rice Annotation Project database (RAP-DB: http://rapdb.dna.affrc.go.jp/), Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/) and Integrated Rice Science Database (Oryzabase: http://shigen.nig.ac.jp/rice/oryzabase/) (Kurata and Yamazaki, 2006; Kawahara et al., 2013; Sakai et al., 2013) . Gene ontology (GO) analysis was conducted using the AgriGO singular enrichment analysis with an FDR <0.05 (http://bioinfo.cau.edu.cn/agriGO/index.php) (Du et al., 2010) . Affected pathways were determined using the Kyoto Encyclopedia of Genes and Genomes (KEGG). KEGG Orthology (KO) identifiers were obtained by alignment of protein sequences, using the BlastKOALA tool, and were then used to identify corresponding pathways (Kanehisa and Goto, 2000; Kanehisa et al., 2016) . A list of all DEGs identified from each comparison is provided in Supplementary Table S2 .
RT-qPCR
Individual crowns, from three biological replicates of each of the six genotypes, were harvested in liquid nitrogen at 8 DOT (at the same time as RNA-sequencing samples) and ground in 2 ml Eppendorf tubes using beads and a mill. Total RNA was extracted using the Qiagen RNeasy Plant Mini Kit, according to the manufacturer's instructions (Qiagen, Tokyo, Japan), including the optional on-column DNAse treatment. cDNA was synthesized using the PrimeScript RT reagent kit and qPCR was undertaken using SYBR Premix Ex Taq II, according to the manufacturer's instructions (Takara, Tokyo, Japan). A list of primers is given in Supplementary  Table S3 . Primer efficiency was determined using a standard curve and was between 95 and 105% for each primer pair used. Primer specificity was confirmed by the dissociation curves showing single peaks. Relative gene expression for each target gene was determined using the 2 t −∆∆C method. The geometric mean of the C t of two reference genes, ACTIN1 (Os03g0718100) and GAPDH (Os04g0486600), was used for this calculation.
Alignment of specific genes
Nipponbare gene-specific DNA sequences were aligned against IR64 scaffolds (Schatz et al., 2014) , using MAFFT and viewed in Jalview (Katoh et al., 2002; Waterhouse et al., 2009) .
Statistical analysis
All data, except when otherwise indicated, were analysed using Statistix 9 software (Analytical Software, Tallahassee, FL, USA). Statistical significance between measurements was determined by ANOVA using the least significant difference (LSD) for the pairwise comparisons between groups or treatments.
Results
Initial Zn distribution in ZE and ZI genotypes
Our main objective was to investigate genotypic differences in crown root development and to exclude treatment-unrelated effects. Therefore, seedlings with a uniform number of crown roots were selected at 0 days of treatment (DOT). This pre-selection for root number resulted in seedlings of the ZI group having 21 and 24% higher root and shoot biomass at 0 DOT, respectively, compared with the ZE group (Fig. 1) . However, total plant Zn content did not differ between groups (Table 1) . Instead, Zn content and concentration varied at the tissue level. Compared with ZE genotypes, ZI had a lower Zn concentration in shoots, while having similar Zn content. ZI roots contained almost twice as much Zn as ZE roots, which accounted for 21% of whole plant Zn, compared with 13% of ZE plants. In contrast, ZE crowns contained a much higher Zn concentration, as well as 30% higher Zn content, compared with ZI crowns. Data for individual genotypes are available in Supplementary Fig. S1 and Table S4 .
Physiological responses to Zn deficiency
In order to investigate early effects and responses to Zn deficiency, plants were harvested after only 8 DOT. The ZI group reacted to early Zn deficiency (-Zn) with a 23% reduction in crown root number, compared with Zn sufficient conditions (+Zn), whereas crown root number was not affected by early Zn deficiency in the ZE group ( Fig. 2A ). Total root number was similar for both groups when Zn was provided. Interestingly, ZE root length increased by 28% in -Zn compared with +Zn, while no significant difference was observed for ZI roots (Fig. 2B ). However, ZE roots were still shorter than those of ZI in both conditions. Leaf number was reduced for both groups in -Zn, with ZI developing the fewest leaves (Fig. 2C ). Shoot height was not affected by the treatments and was similar for both groups (Fig. 2D) . Finally, root biomass was higher for ZI plants compared with ZE in +Zn, most likely due to having longer roots (Fig. 2E ). However, in -Zn, ZI root biomass was unchanged, while that of ZE plants increased by 21%, compared with +Zn. Crown biomass was similar between both groups while shoot biomass was lower for ZE compared with ZI plants, although this was independent of Zn treatments (Fig. 2F, G) . Data for individual genotypes are provided in Supplementary Fig. S2 .
Zn retranslocation in response to Zn deficiency
Despite a slight increase in total plant Zn content due to unavoidable impurities, the -Zn treatment led to reduced Zn concentrations in all tissues of both groups, compared with initial Zn concentrations at 0 DOT (Table 1) . This was mostly due to biomass accumulation without the addition Zn reagent (Figs 1 and 2E-G). Plants of both groups were already Zn deficient at 8 DOT, with whole plant Zn concentrations well below the estimated 22 ppm threshold required for young rice plants (Alloway, 2008) .
Zn deficiency affected Zn distribution within the plant, leading to a decrease in crown Zn content of 43 and 32% in ZE and ZI plants, respectively (Table 1 ). This Zn, formerly contained in crown tissue, was translocated to other tissues, leading to an increase in shoot and root Zn of 20 and 46%, respectively, in ZE plants, while Zn content only increased by 16 and 15% in ZI shoot and roots, respectively. When Zn was not limiting, Zn distribution, as determined by the percentage of total plant Zn contained in each tissue, remained similar to 0 DOT, even though total Zn content had more than tripled. Data for individual genotypes are available in Supplementary  Table S4 .
RNA sequencing, alignment and co-expression
RNA sequencing was performed on crown tissue from genotypes of each ZE and ZI group at 8 DOT. Unsurprisingly, since the Nipponbare reference genome was used for the alignment, the japonica varieties (Nipponbare and KP) showed a better alignment rate (84-86%) than the indica varieties (79-83%) (see Supplementary Table S1 ). The total number of genes expressed for each genotype, regardless of treatment, was between 27 620 and 29 557 (Table 2) . Reads from Nipponbare aligned to more genes (29 557) than reads from any other genotype, with 3.2% being specifically expressed in Nipponbare. KP followed with reads fitting to 28 927 genes, of which 2.1% were specific to KP. Finally, the indica varieties averaged reads fitting to 27 885 genes, with between 1 and 1.2% being specific of each genotype.
To reduce this bias toward Nipponbare and KP, only genes that were represented by at least ten reads in each of the genotypes within at least one group (e.g. ZE in +Zn) were considered for differential expression analysis. A total of 21 347 genes were considered, of which 98% were common to all genotypes, compared with only 73% prior to the selection (Table 2) . Hierarchical clustering revealed two main clusters representing treatments with Nipponbare linking both of these clusters (Fig. 3) . The ZI genotypes all clustered together in response to Zn deficiency. 
Differentially expressed genes specific for Zn deficiency
Differentially expressed genes (DEGs) were identified for Zn treatment and Zn efficiency contrasts (Table 3) . A total of 310 DEGs were identified between treatments, with 254 (82%) being up-regulated and 56 (18%) being down-regulated in -Zn compared with +Zn. Of the 56 down-regulated genes, molecular functions such as transcription factors and DNA binding were the only significantly enriched GO terms found (Table 4 ). In the case of biological processes, responses to stimulus, signal transduction, and biosynthetic processes were enriched. Several of these genes could be further linked to a biological pathway, based on their protein sequence (Table 5) . These include four genes of the minichromosome maintenance family (MCM), involved in the regulation of DNA replication, and a DNA mismatch repair protein. A cytokinin dehydrogenase, involved in cytokinin degradation, was also identified, as well as a FLOWERING LOCUS T gene. Other genes were involved in the metabolism of glycerophospholipids, photosynthesis, endocytosis and the scavenging of reactive oxygen species. Of the 254 genes up-regulated in response to Zn deficiency, most were involved in the regulation of gene transcription, including DNA binding and transcription factor activity ( Table 4 ). The biological processes identified were mostly made up of genes involved in metabolic and biosynthetic processes. Several genes capable of metal ion transmembrane transport were also identified. These genes encode the well-known Zn transporters OsZIP4, 5, 7, 8 and 9, as well as a nicotianamine synthase, OsNAS3; a Cd/Zn-transporting ATPase, OsHMA1; a cation-H + antiporter; and a phosphate transporter, OsPT1 (see Supplementary Table S2 ). Up to 27 biological pathways were identified based on the protein sequences of these 254 (Table 5 ). These include phosphatidylinositol signalling, inositol phosphate, glycerolipid and glycerophospholipid metabolism, starch and sucrose metabolism, biosynthesis of amino acids and phenylpropanoid and flavonoid biosynthesis.
DEGs specific of ZE and ZI groups
When data from both Zn treatments were combined, only 12 DEGs were detected between groups (Table 3) . Five DEGs were less expressed in ZI compared with ZE crowns and encode a Zn finger domain-containing protein, a monosaccharide transporter, a lectin, a hypothetical protein, and an RNA binding domain-containing protein (Fig. 4A-E) . The expression of four of these genes was not affected by Zn treatments in ZE crowns, while that of the lectin-encoding gene was suppressed by Zn deficiency. However, most of these genes were poorly, if at all, expressed in ZI crowns, regardless of treatments. Seven DEGs were more expressed in ZI compared with ZE crowns, regardless of treatments. These genes encode the transcription factor OsMADS30, another Zn finger domaincontaining protein, several hypothetical proteins and two non-protein coding transcripts (Fig. 4F-L) . Except for one of these DEGs, a similar expression pattern was observed: upregulation in ZI crowns in response to Zn deficiency and low expression in ZE crowns regardless of treatments.
When grown without Zn, 101 DEGs were detected between ZE and ZI crowns (Table 3) . Of these genes, only seven were more expressed in ZE compared with ZI crowns. These genes include the Zn finger protein, monosaccharide transporter and hypothetical protein, previously described as DEGs between ZE and ZI crowns (Fig. 4A, B, D) . The other four DEGs encode of two hypothetical proteins, a gibberellinstimulated family protein (OsGASR10) and a developmentally regulated plasma membrane polypeptide family protein (OsDREPP2) ( Fig. 4M-P) . The remaining 94 DEGs were more expressed in ZI compared with ZE crowns and were enriched for genes involved in ATPase hydrolase and transferase activities (Table 6 ). When investigating corresponding biological pathways, we detected genes involved in phenylpropanoid biosynthesis, starch and sucrose metabolism, as well as in the metabolism of other secondary metabolites (Table 7) . Pathways associated with protein processing and RNA splicing were also present, as well as amino acid metabolism, suggesting a major reorganization of the proteome of ZI crowns in response to Zn deficiency.
Validating RNA-sequencing data
In order to confirm gene expression patterns determined by RNA sequencing, as well as to validate our method (combining transcriptome data from several ZE and ZI genotypes), the expression of nine genes was confirmed on independent samples, using RT-qPCR. This time three biological replicates for each genotype were used to confirm similar expression patterns among genotypes within each group (data not shown), before combining the data for ZE and ZI genotypes. A good linear correlation between gene expression fold changes obtained through RT-qPCR and RNA sequencing was observed (R 2 =0.92) (Fig. 5) . 
Discussion
Physiological adaptation and Zn retranslocation in response to early Zn deficiency
In this study, we investigated DEGs at an early stage of Zn deficiency, before plant biomass and developmental stage of Zn-deficient and -sufficient plants differed, while still detecting preliminary differences in plant growth and Zn retranslocation between ZE and ZI groups. ZE genotypes were found to maintain non-stress levels of crown root development under early Zn deficiency, while that was not the case for ZI genotypes. Moreover, Zn was retranslocated to the roots in response to Zn deficiency, with ZE genotypes allocating a higher proportion of their whole plant Zn to the roots, compared with ZI genotypes. This is in line with previous reports (Nanda and Wissuwa, 2016; Mori et al., 2016) . However, we demonstrate, for the first time, that Zn was not retranslocated from the shoot, as was previously believed, but from the crown tissue. The crown, being in direct contact with the seed, is the first tissue to which seed resources will be allocated. It is, therefore, not surprising to observe the highest concentration of Zn in the crown tissue, even after removal of the seed. The observation that crown Zn concentration decreased over time, even when Zn was amply supplied, supports this hypothesis. Moreover, a high Zn concentration in crowns could be essential for the early development of the crown root system. If this is the case, ZE genotypes, with their higher Zn crown content, would be better equipped to maintain crown root development during Zn deficiency, compared with ZI genotypes.
Zn transporters involved in Zn retranslocation from Zn-deficient crowns
Since retranslocation of Zn within the plant is of great importance under Zn-limited conditions, we identified potential Zn transporters up-regulated in both groups, in response to Zn deficiency. The most well-known Zn transporters are the Znregulated transporters in the iron (Fe)-regulated transporterlike protein (ZIP) family. In rice, this family is made up of ten genes, OsZIP1-10 (Ishimaru et al., 2005) . In this study, the expression of five of these transporters was increased in crown tissue in response to Zn deficiency: OsZIP4, 5, 7, 8, and 9. OsZIP4, 5 and 8 are well-known plasma membrane transporters demonstrated to be up-regulated by Zn deficiency and involved in Zn translocation in the plant (Ishimaru et al., 2005; Lee et al., 2010a, b) . OsZIP7 and 9 have also previously been found to be up-regulated by Zn deficiency (Ishimaru et al., 2005; Suzuki et al., 2012) ; however, little else is known about their roles. Our data support a role for OsZIP4, 5 and 8 in the retranslocation of Zn within the plant, in response to Zn deficiency, and they suggest a similar role for OsZIP7 and 9. Further studies will need to be conducted in order to ascertain whether OsZIP7 and 9 are also plasma membrane transporters or whether they act in a different way. In graminaceous plants, metals are chelated by phytosiderophores, such as nicotianamine (NA), mugineic acid and deoxymugineic acid, in order to be transported (Zhang et al., 1991) . Here, we detected the induction of the NA synthase gene OsNAS3 in response to Zn deficiency, suggesting that it plays a role in regulating Zn retranslocation, under Zn deficiency, through the production of NA. In line with this, OsNAS3 has previously been reported to be regulated by Zn deficiency, while other members of this family, OsNAS1 and 2, are specific for Fe deficiency (Inoue et al., 2003; Suzuki et al., 2008) . The transport of metal-phytosiderophore complexes is undertaken by members of the yellow stripe-like (YSL) gene family. Here we detected the up-regulation of OsYSL10 in response to Zn deficiency. The rice OsYSL family is made up of 18 putative OsYSL genes in rice (Koike et al., 2004) , with only OsYSL15 having previously been reported to be induced by Zn deficiency and to be root specific, suggesting a role for OsYSL15 in Zn uptake from the soil (Inoue et al., 2009) . Consistent with this role, no differential expression of OsYSL15 under Zn deficiency was detected in crown tissue. Instead, our data suggest a role for OsYSL10 in phytosiderophore-mediated Zn retranslocation from the crown, when Zn supply is limiting. The heavy metal, or P 1B -type, ATPase gene OsHMA1 was also induced in Zn-deficient crowns. OsHMA1 is a metal transporter thought to be involved in Zn transport because of its up-regulation in response to Zn deficiency (Suzuki et al., 2012) . OsHMA1 has been predicted to localize to the chloroplast, based on its protein sequence, suggesting it might play a role in the efflux of Zn from plastids . However little else is known about this gene. The expression of an unknown cation-H + antiporter was also induced by Zn deficiency in the crowns. Cation-H + antiporters play an Fig. 4 . Expression levels of DEGs between ZE and ZI groups, grown in the absence (-Zn) or presence (+Zn) of Zn. DEGs between both efficiency groups regardless of treatments (A-L) and DEGs up-regulated in the ZE group, compared with the ZI one, in response to growth in the absence of Zn (M-P). Gene expression levels are represented by DESeq2 normalized counts. Mean with SEM (n=3). Statistically significant differences (LSD, P<0.05) in gene expression levels, between efficiency groups and treatments, are represented by different letters.
important role in ion and pH regulation in plants and can be found in any membrane, including the plasma membrane, tonoplast, mitochondrial and chloroplast membranes. Our data suggests that this cation-H + antiporter might play a role in Zn translocation, either directly, by regulating Zn transport through membranes, or indirectly, perhaps by affecting cell pH.
Cytokinin degradation is repressed by Zn deficiency
In response to Zn deficiency, the plant transcriptome undergoes modifications in order to adapt to the new conditions. Our data show that several genes in the crown, representative of various pathways, were repressed by Zn deficiency in both groups. These include a gene involved in the regulation of cytokinin levels, OsCKX3, which could potentially be linked to crown root development. Cytokinin dehydrogenases (CKX) are responsible for irreversible cytokinin degradation (Galuszka et al., 2001) . In rice, auxin promotes the initiation of crown and lateral root primordia, while cytokinin seems to repress these processes (Rani Debi et al., 2005; Liu et al., 2009; Kitomi et al., 2011) . Eleven putative OsCKXs have been identified in rice (Tsai et al., 2012) , but only OsCKX2 and 4 have been characterized. OsCKX2 affects grain production (Ashikari et al., 2005) , while OsCKX4 promotes crown root formation and growth (Gao et al., 2014) . In our conditions, OsCKX4 expression was not affected by Zn deficiency in crown tissue. However, we demonstrate that the expression of OsCKX3 is repressed by Zn deficiency. Although, crown root growth was only reduced in ZI genotypes at the chosen time point, previous studies have documented a reduction of crown root number and biomass, for both ZE and ZI genotypes, following Zn deficiency over a longer period of time (Widodo et al., 2010; Mori et al., 2016; Nanda and Wissuwa, 2016) . If OsCKX3 were to play a role in regulating crown root development, its repression by Zn deficiency would lead to an increase in cytokinin in the crown and, eventually, a reduction in crown root development. Further investigations are needed to understand the role of OsCKX3 in regulating crown root development in response to Zn deficiency.
Starch synthesis is triggered by Zn deficiency
Our study found several genes up-regulated in Zn-deficient crowns of both groups to be involved in starch synthesis, including a glucose-1-phosphate adenylyltransferase, one of the three committed enzymes of starch biosynthesis (Ghosh and Preiss, 1966; Martin and Smith, 1995) and a trehalose-6-phosphate phosphatase, which directly regulates starch synthesis through redox activation of the said glucose-1-phosphate adenylyltransferase (Kolbe et al., 2005; Shima et al., 2007) . Moreover, a gene encoding a CCT domain-containing protein (Os05g0595300), annotated as a putative regulator of starch synthesis, was also up-regulated by Zn deficiency. This gene was previously demonstrated to respond to macronutrient deficiency by negatively regulating root growth . However, its role in starch synthesis has yet to be confirmed. The up-regulation of genes from the starch synthesis pathway suggests that sugars are being stored as starch in the crown, rather than utilized to increase biomass. This is in line with a previous report describing the up-regulation of starch synthesis and transport genes, as well as the accumulation of starch granules, in roots and shoot of Zn-deficient rice (Suzuki et al., 2012) . The authors speculated that starch might be synthesized to avoid osmotic stress from an increase of soluble sugars in cells, due to the disruption of glycolysis by Zn deficiency. Another hypothesis would be that starch synthesis affects plant signalling cascades, through the modulation of soluble sugar levels in the crown. Sugars are known to serve as important signalling molecules for plant growth and development, as well as in response to biotic and abiotic stress (reviewed in (Lastdrager et al., 2014; Smeekens and Hellmann, 2014) ). Therefore, the regulation of soluble sugar levels in the crown could play a signalling role in response to Zn deficiency. Interestingly, an α-glucosidase (Os06g0676700), capable of breaking down starch into monosaccharides, was up-regulated in response to Zn deficiency, but much more so in the ZI group compared with the ZE. This suggests that ZE genotypes accumulate more starch than ZI, under Zn deficiency, which could affect osmotic homeostasis or sugar signalling.
Potential candidate genes conferring Zn efficiency
Of the DEGs contrasting between ZE and ZI groups under Zn deficiency, the expression of only seven was higher in ZE compared with ZI crowns. Three of these genes encode unknown conserved or hypothetical proteins and will not be discussed here. However, as they might play an important role in conferring Zn efficiency, we recommend they be investigated further. The four annotated genes encode a Zn finger CCHC-type domain-containing protein, a plasma membrane polypeptide family protein (OsDREPP2), a gibberellin-stimulated protein (OsGASR10) and a monosaccharide transporter.
The expression of the gene encoding the Zn finger domaincontaining protein was not affected by Zn deficiency. Instead, it was constitutively expressed in ZE crowns and very poorly expressed in ZI crowns. This could be due to the sequence of this gene being altered between genotypes of each group, resulting in poor alignment against the Nipponbare sequence (see Supplementary Fig. S3 ). However, the fact that the KP sequence clustered with that of the distantly related indica genotype IR74 and not with that of the japonica genotype Nipponbare could also indicate a causal link to Zn efficiency. A Zn finger domain allows proteins to interact with other Fig. 5 . Validation of RNA sequencing data using RT-qPCR. Relative gene expression of nine genes was determined for three biological replicates per genotype, through RT-qPCR. The log 2 fold changes between each ZE and ZI group, grown without Zn compared to with Zn (y-axis), were plotted against the log 2 fold changes of the same comparison, determined through RNA sequencing (x-axis). The function of the regression line and the R 2 are given, with P<0.05.
proteins or bind to DNA and/or RNA, thus regulating various regulatory pathways. We hypothesize that if the sequence of this Zn finger domain-encoding gene is altered in the ZI genotypes, its interaction with proteins, DNA or RNA might be affected, thereby impeding signalling.
The plasma membrane polypeptide family protein OsDREPP2 has previously been reported as being capable of binding Ca 2+ , as well as calmodulin and microtubules (Yamada et al., 2015) . OsDREPP2 was found to be specifically expressed in root tips and its expression was initially repressed by salt stress and later recovered in the salt tolerant genotype Pokkali, but not in the salt sensitive IR29. Moreover, OsDREPP2 binding to microtubules was found to result in microtubule depolymerization. Interestingly, the Ca 2+ -calmodulin complex was demonstrated to inhibit the binding of OsDREPP2 and microtubules, thereby enhancing cell elongation. According to our data, OsDREPP2 is expressed in crown tissue and this expression decreased in ZI genotypes, in response to Zn deficiency, while it was maintained in ZE genotypes. This is similar to what was described between Pokkali and IR29 roots, in the later stage of salt stress (Yamada et al., 2015) , suggesting similar regulation of OsDREPP2 expression in response to Zn deficiency and salt stress, albeit in different tissues. It is also noteworthy that Pokkali is ZE and is a distant parent of the ZE genotype IR55179 used in this study.
The gibberellin-stimulated protein OsGASR10 was similarly expressed in both ZE and ZI crowns when Zn was provided. However, its expression was repressed by Zn deficiency in ZI, but not in ZE crowns. A search for gibberellin-stimulated-like genes (GSL) in rice revealed the presence of nine members of this family, with OsGASR10 corresponding to OsGSL12 (Zimmermann et al., 2010) . Another member of this family, OsGSR1, was induced by gibberellin and repressed by brassinosteroids , while two other members were found to be highly expressed in proliferating tissue and induced by gibberellin (Furukawa et al., 2006) . However, no data are currently available for OsGASR10/OsGSL12. The regulation of the expression of this gene family by phytohormones suggests that the repression of OsGASR10/OsGSL12 by Zn deficiency, observed in ZI crowns, could be a result of altered phytohormone profiles in ZI compared with ZE crowns, in response to Zn deficiency. This is in line with several jasmonic and salicylic acid-related genes up-regulated in Zn-deficient crowns of ZI genotypes (see Supplementary  Table S2 ).
According to our RNA sequencing, as well as our RT-qPCR data, a monosaccharide transporter was exclusively expressed in ZE genotypes, regardless of treatments. The complete absence of any transcripts for this gene in ZI crowns makes it the most interesting candidate gene for conferring Zn efficiency. Alignment of the Nipponbare DNA sequence encoding this monosaccharide transporter against the corresponding scaffold of the IR64 draft genome (Schatz et al., 2014) revealed poor sequence similarity between the two (see Supplementary  Fig. S4 ). These sequence differences might affect the monosaccharide transport function of the protein in IR64, possibly even rendering it non-functional. Monosaccharide transporters are essential for the correct partitioning of assimilated carbon between organs (Büttner and Sauer, 2000) . Therefore, we speculate that this monosaccharide transporter plays a role in conferring Zn efficiency by partitioning sugars between the different plant organs, thereby relieving osmotic stress and/or playing a signalling role within the plant in response to Zn deficiency. It is also possible that sugars are reallocated to the roots in order to increase root biomass, thereby increasing Zn uptake. Further research into sugar levels in Zn-deficient tissues, as well as the role of this monosaccharide transporter during Zn deficiency is needed.
Conclusion
Previous studies have investigated gene expression in response to Zn deficiency. However, to our knowledge, none has done so using only the crown tissue. Moreover, our method of generating phenotype-specific transcriptome data from several genetically different genotypes has allowed us to significantly narrow down the number of DEGs obtained. In this way, we were able to (i) detect novel Zn transporters involved in Zn retranslocation within the Zn-deficient crown, (ii) highlight the induction of sugar storage through starch synthesis in the early response to Zn deficiency, and (iii) identify several candidate genes that might confer Zn efficiency. These genes will now be investigated further, in order to ascertain their exact role during Zn deficiency and whether they can, in fact, confer Zn efficiency.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Plant biomass for individual plants at 0 DOT. Fig. S2 . Plant physiological traits at 8 DOT for individual genotypes. Fig. S3 . Alignment of RNA sequencing reads against the Zn finger domain-encoding gene. Fig. S4 . Alignment of the Nipponbare monosaccharide transporter gene against the IR64 draft genome. Table S1 . Details of reads trimming, mapping and gene assignment for each RNA-sequenced sample. Table S2 . DEGs for all comparisons. Table S3 . List of primers used for RT-qPCR. Table S4 . Zn concentration and content data for individual genotypes.
Data deposition
The RNA sequencing data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number GSE86272.
